Abstract-The conditions and dynamics of neon gas puff Z-pinch plasmas at pinch time are studied on a pulsed power generator with a current rise time of approximately 200-ns and 0.9-mA peak current. Radial tailoring of the gas puff massdensity profile using a triple-nozzle coaxial valve (two annular gas liners and a central jet) allows production of both more stable and less stable (with regard to the magneto-RayleighTaylor instability) Z-pinch implosions. A 526.5-nm, 10-J Thomson scattering diagnostic laser enables probing of the flow dynamics and plasma conditions of these implosions with both spatial and temporal resolutions. The 2.2-ns laser pulse scatters from the plasma electrons and is carried by one optical fiber to a visible light streak camera, and by a bundle of optical fibers to a time-gated camera, both after spectral dispersion by 750-mm spectrometers. The streak camera, with a 10-ns full streak time, provides subnanosecond resolution of the evolution of the pinch plasma parameters through stagnation. The timegated camera provides spatially resolved spectra (across a field of view of 6.1 mm) at the same time as the streak. Scattering spectra suggest that temperatures are high at stagnation, with the ion temperature as much as three times higher than the electron temperature. However, we consider the possibility of nonthermal explanations for the broad scattering spectra and high effective ion temperature, including collisionality, implosion velocity distributions (velocity gradients), and small-scale hydrodynamic motion.
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I. INTRODUCTION

G
AS-PUFF Z-pinches have been studied for their utility as intense X-ray sources, as well as their potential as a source of fusion neutrons [1] , [2] . In order to maximize stability of the pinch and thus maximize X-ray/neutron production, it is imperative to understand the partitioning of energy through the implosion phase and into the stagnation column. In the most simple picture, the magnetic field energy produced by the time-varying current in the plasma converts to kinetic energy via the changing pinch inductance as the plasma implodes [2] , [3] . The ions thermalize at stagnation, then transfer their thermal energy to the electrons, which shed their Fig. 1 . Example of the ion-acoustic wave feature in the scattering spectrum: the shift of the profile from the laser wavelength (A) yields fluid velocity along k; to first order, the peak separation (B) is proportional to √ Z T e ; the difference in peak intensity (C) is related to relative drift velocity between electrons and ions; and the width of the ion-acoustic peaks (D) is determined by ion temperature.
thermal energy through radiation [2] . Additional mechanisms of energy dispersion and deposition have been discussed by Ryutov et al. [3] . Previous experimental work used optical Thomson scattering to measure flow velocities and temperatures in Z-pinch plasmas [4] , [5] .
In this paper, we discuss the use of simultaneous spatially and temporally resolved Thomson scattering applied to a neon gas-puff Z-pinch on COBRA, the pulsed power machine at Cornell University [6] . Thomson scattering can, in practice, yield the fluid velocity of the implosion, electron density, ion temperature, electron temperature, and the relative drift velocity between the electrons and ions (see Fig. 1 ). This paper focuses on using a streak camera to track the changes in these parameters with subnanosecond resolution as the plasma stagnates on axis. We also explore another mechanism that may contribute to the apparent ion temperature within the 0.4-mm scattering volume: a distribution of fluid velocities along the direction of the scattering vector. This paper is organized as follows: Section II is a brief overview of the relevant Thomson scattering theory; Section III is a description of the experimental setup, load, and driver; Section IV describes results from both the streak and gated cameras; and Section V summarizes conclusions and discusses the future experiments.
II. THOMSON SCATTERING THEORY
Gas-puff Z-pinch plasmas near stagnation time exist in the temperature and density range in which Thomson scattering is collective, meaning that the scattering wavelength is larger than λ De , the Debye length of the plasma. In other words, the parameter is greater than one (where n e is the electron density in units of 10 18 /cm 3 , T e is the electron temperature in electron volts, and θ is the angle between wavevectors k s and k l as defined in Fig. 2 , with scattering wavevector k = k s − k l ) [7] . In the final equality of (1), α is calculated for a scattering angle of θ = 90 • and laser wavelength λ L = 526.5 nm. For this case, α is greater than one if n e /T e 10 16 , which is satisfied by n e ∼ 10 18 cm −3 for the conditions typical of gas-puff plasmas.
The Thomson scattering spectral data are compared to compute noncollisional scattering spectra to determine plasma parameters. This paper focuses on tracking the electron and ion temperatures at and around stagnation time. Electron temperature is found from the separation of the ion-acoustic peaks (located at the laser frequency plus and minus the ionacoustic frequency), which is given in [7] by
where Z is the ionization state, m i is the ion mass, and T i is the ion temperature. For the following analysis, both electron density and ionization state are fixed parameters of the fitting code. For this experiment, a density of 2 × 10 19 cm −3 was used based on laser interferometry measurements [8] , and an ionization state of seven for neon, based on ionization states tabulated over density and temperature [9] . The basic fitting model for Thomson scattering spectra assumes that the full width half maximum (FWHM) of the ion-acoustic peaks is due entirely to thermal ions, through Landau damping of the ion-acoustic wave [7] . An alternative way to fit the data is to make the approximation that T i = T e (a valid assumption at later times), and convolve an additional Gaussian distribution with the resulting Thomson scattering form function in order to model the profile width that is not accounted for by assuming that T i = T e . Physically, the FWHM of this additional Gaussian distribution can be interpreted as being due to a velocity gradient in the scattering volume, i.e., a spread of fluid velocities along k [10] . These two methods of fitting are performed and compared in Section IV.
The additional Gaussian distribution can also be interpreted as the result of collisions or random small-scale hydrodynamic motion. In the regime of these experiments, however, collisions are not likely to contribute to the broadening of the ion-acoustic peaks. Reference [11] models the conditions contributing to the shape of the Thomson scattering form factor and determines that ion-ion collisions will contribute to Fig. 3 . Cross section of the gas-puff valve, reproduced from [13] , showing the location of the main components, including the breakdown pin in the outer plenum.
ion-acoustic peak width only if the parameter kλ ii 1. λ ii is the ion-ion mean free path, and for ion-acoustic waves, k can be approximated by k ∼ = 2k l sin θ/2. From [12] kλ ii = 2k l sin θ 2
where ln is the Coulomb logarithm and units are in cgs except for T i , which is in eV. For the conditions in the neon gas-puff Z-pinch near stagnation, (3) gives a kλ ii of approximately 15, in the weakly collisional regime. Thus, we consider a fluid velocity gradient or small-scale hydromotion as the most likely factors contributing to ion-acoustic peak broadening.
III. EXPERIMENTAL SETUP
A. Current Driver: COBRA
These experiments were performed on COBRA, a pulsed power machine at Cornell University. It consists of two Marx capacitor banks, the capacitors of which are charged to ±70 kV, storing a total of 106 kJ at this charging voltage. The Marx generators each charge intermediate storage capacitors that charge, through self-breakdown gas switches, two pulse-forming lines. The current pulse is delivered to the COBRA load via four output switches from the pulseforming lines [6] . The length of the current pulse can be tuned by changing the gas pressure in the self-breakdown switches such that they either break at approximately the same time (short pulse mode: 100-ns rise time, 1.1-MA peak current) or approximately 100 ns apart (long pulse mode: 200 ns, 0.9 MA).
B. Gas-Puff Valve
The gas-puff load has an initial radius of 3.5 cm; with the gas species and pressures at which we operate the valve, to be discussed next, COBRA is used in the long-pulse mode. The valve consists of a solenoid-actuated piston that seals three coaxial, independently pressurizable plena: an outer annulus, inner annulus, and a center jet (see Fig. 3 ). The plenum pressures used for any given shot are indicated as follows: Outer:Inner:Center. For example, Ne 0.9:3:8 indicates a shot in which the outer annulus held a pressure of 0.9 lb/in 2 , Fig. 4 . Photograph of the gas-puff valve and anode ring as installed on COBRA. The preionizer (not pictured) sits 2 cm above the anode ring. (Image from [8] .) the inner 3 lb/in 2 , and the center 8 lb/in 2 , all neon, where 14.7 lb/in 2 is equal to 10 5 Pa. This triple-nozzle configuration enables easy control of the radial mass density profile of the puff. The puff is characterized using planar laser-induced fluorescence (PLIF) [14] ; shots using this configuration show that the center jet and inner annulus produced number densities of about 2 × 10 15 cm −3 , and the density in the outer annulus was about 5×10 14 cm −3 . A breakdown pin (spark gap) biased at −800 V is inserted just downstream of the outer plenum (see Fig. 3 ). Once the piston opens and allows gas to flow, the breakdown pin discharges to the body of the puff valve (which is at ground potential) approximately 800 ±50 μs after solenoid actuation. PLIF measurements show that at approximately 500 μs after the breakdown pin discharges, the gas-puff has reached a roughly uniform gas density distribution in the radial direction [13] . COBRA current is initiated at this time.
In order to ensure a path for COBRA's current, the gas puff is preionized by a 7-kV, 30-μs, 14-μF discharge source (an annular disk) that accelerates electrons down into the gaspuff [8] . The gas-puff valve is mounted facing upward in the cathode of the 45-cm-radius vacuum chamber of COBRA. An anode ring (12 cm diameter) with eight 3-mm-diameter stainless steel pins pointing radially inward is mounted 2 cm above the exit plane of the gas-puff nozzles. The ring is connected to the machine anode by four return current posts at a radius of 8 cm (see the setup in Fig. 4) . The annular preionizer is mounted 2 cm above the anode ring and fired 12 μs before COBRA current reaches the load region.
C. Thomson Scattering Experimental Arrangement
Thomson scattering measurements were performed with a 526.5-nm Nd-YLF laser, which has an FWHM of 2.3 ns and pulselength of 3 ns. The top hat radial beam profile is focused with a 2.5-m plano-convex lens to a spot size of about 350 μm at the center of the load chamber. Two bundles of optical fibers collect the scattered laser light. Each bundle consists of a linear array of 20 fibers with 100 μm diameters that are spaced such that the distance from center to center is 125 μm. Each bundle couples to a 750-mm Czerny-Turner spectrometer with a 2400-l/mm diffraction grating and 100-μm entrance slit width, resulting in a spectral resolution (FWHM) of 0.4 Å.
One bundle was split into two sets of 10 fibers at the input end that were mounted at 90 • to the laser path but diametrically opposite to each other (See Fig. 5 ). The joined end of this split fiber bundle is coupled to a spectrometer and a gated camera using 18 of the fibers. The spatial resolution of each of these fibers was 760 μm, resulting in a full field of view of 6.1 mm across the r = 0 axis of the gas puff, 12 mm above the nozzle plane. The gated camera, receiving scattered light from the spatially resolving fiber bundle, is an Andor iStar, set with a gate width of 6 ns.
A single fiber from the second fiber bundle was used at r = 0 mm and z = 12 mm above the nozzle, with a spatial resolution of 450 μm, determined by the collection optics. This bundle, at 30 • to the laser path, coupled to a spectrometer and a Hamamatsu High Dynamic Range Streak Camera C7700. The sweep speed was set to 10-ns full streak. With a 125-μm slit width into the streak camera, this gives a measured temporal FWHM of 150 ps.
This configuration allowed both time-resolved spectra and spatially resolved spectra to be collected at the same time during each shot. Each set of optical fibers collects the light scattered from the same laser pulse, so that the spatially resolved spectra are collected over a 5-ns gate time encompassing the entirety of the laser pulse.
IV. RESULTS
Multiple shots at the same puff valve plenum pressures (Ne 0.9:3:8) were performed, varying only the timing of the 10-J laser in order to look before, at, and after pinch time. Pinch time (t = 0) is defined as the start of x-ray production as measured on a diamond photoconducting detector (PCD) filtered with 12 μm of titanium; the width of the PCD signals gives the uncertainty on timing of the pinch as ±2 ns at z = 12 mm, as the width of the x-ray signal is due to axial segments not pinching at the same time. Fig. 6 shows a 4-ns extreme ultraviolet (XUV) self-emission image and the raw streak data from Shot 4477, beginning before pinch time.
A. Thomson Scattering Profile Fitting Method
T e , T i , and the FWHM of the Gaussian flow velocity distribution were extracted from the best fit to the scattered spectrum, found by comparing the data to a range of theoretical scattering profiles. These profiles are built by varying four parameters: fluid velocity, electron-ion drift velocity, T e , and T i /Gaussian width. To obtain a reasonable ratio of signal to noise in the streak camera spectra, the images were broken into bins of 25 pixels along the time axis so that the temporal resolution is 270 ps.
Error Determination: A Monte Carlo method was implemented to obtain error bars [10] . Once the best fit to the experimental data was found, 100 synthetic spectra were constructed by adding random signal to each pixel in that best fit and allowing five key parameters to vary by a given standard deviation. The amount of signal added is dependent on the variance between experimental data and best fit. The five parameters (and the standard deviations) are laser wavelength (0.2 Å), electron density (50%), average ionization state (10%), instrument function width (20%), and linear dispersion (1.5%). For each of these synthetic spectra, a best fit was calculated, the standard deviations of which are the error bars.
B. Ion Temperature Distribution
The shots discussed here (4477, 4478, and 4489) are all initialized with the same neutral density (Ne 0.9:3:8 lb/in 2 ), repeated so that the timing of the Thomson scattering laser can be varied with respect to stagnation, probing multiple 3-ns windows around pinch time in nominally similar implosions. When the only contribution to ion-acoustic peak width is assumed to be ion temperature, the measured ion temperature on-axis for Shot 4477 leading up to pinch time (t = 0) is approximately 4.4 keV, decreasing to 3 keV by the end of the 3-ns laser pulse, while the electron temperature remains a constant 1000 eV (Fig. 7) . In Shot 4478, by 8 ns after pinch time, the on-axis ion temperature has decreased to the 700-900-eV range, and the electron temperature to a nearly constant 500 eV (Fig. 8) . As a consistency check between the gated and the streak data, we can compare the time-integrated value from the streak data to the on-axis point in the gated data, which agree for both T e and T i . We applied the fitting method described in Section II as a first step toward accounting for potential nonthermal broadening mechanisms.
C. Fluid Velocity Distribution
By setting T i = T e (where T e is determined from (2) and making up for the rest of the width of the Thomson scattering profile with a Gaussian distribution of fluid velocities), we can in some cases obtain a better fit to the data. Physically, this extra width can be interpreted as a distribution of velocities along the k direction and centered around the fluid velocity (see Fig. 2 for scattering geometry) . The relevant equation is
which can be solved for v k as follows:
where λ = λ l − λ s , providing a single flow velocity due to a Doppler shift. If instead, we consider that there exists a Gaussian distribution of velocities given by multiple Doppler shifts, taking λ in (5) to be the FWHM of that velocity distribution yields the width of the range of velocities covered Because these measurements are made on-axis near stagnation, it is likely that the spread of velocities we observe is centered around zero: that is, within the scattering volume, there is plasma flowing toward or away from the axis from both the +r and −r sides of the gas puff. For comparison, Fig. 10 shows the radial and azimuthal velocities (obtained from the fluid velocity along k as detailed in [15] ). As these measurements are made at pinch time, the observed velocity gradient may be due to material closer to the axis slowing down as it approaches and stagnates at r = 0 while other material in the same scattering volume is still incoming.
D. Comparison
In order to determine the success of the two fitting models, we compare the χ 2 values of the fits. The signal-to-noise ratio, which affects the χ 2 value and differs depending on location or timing, makes it meaningless to compare χ 2 values except for those corresponding to different fitting methods applied to the same spectrum. Therefore, we determine which method yields the better fit (lower χ 2 value) between each pair of χ 2 values corresponding to a single location (timegated spectra) or time (streak spectra). The better fitting model for a given shot is the one with the largest percentage of locations/times with lower χ 2 values. For a visual comparison, refer to Fig. 6(b) . In this case, T i = T e assumption and addition of a Gaussian velocity spread provided a better fit than allowing T i to vary; by eye, it can be seen that the T i = T e method yields a better fit to the tails and central dip of the spectrum.
The percentages are shown in Table I . The three shots included all had the same initial conditions, the variable being the timing of the laser. Only gated data were obtained for Shot 4489. The small sample size makes it difficult to draw a meaningful conclusion about which model (T i versus T i = T e and a distribution of drift velocities) is a better fit in a particular situation; for example, before versus after pinch time, or streak versus gated camera. Based on the available comparison, it appears that a velocity gradient improves the fit for the gated shot only at pinch time. Without applying the same analyses to more shots, the one conclusion to draw is that a substantial range of flow velocities within the scattering volume appears to improve the fit for some shots, while for others, a much smaller range is needed.
V. CONCLUSION
Time-resolved Thomson scattering has proven to be a valuable diagnostic tool for gas-puff Z-pinches at stagnation, yielding electron and ion temperature over a period of 3 ns. Two different models were used to fit the Thomson scattering data, first assuming that ion temperature is the only factor contributing to the broadening of the ion-acoustic peaks, then making the approximation that T e ≈ T i and modeling the extra width as a spread of velocities along k. By comparing normalized χ 2 values of the two fitting methods, it is determined that neither method gives a better fit a majority of the time; differing conditions near stagnation determine which method is appropriate at that time in the evolution of the pinch. The success of using the model incorporating a velocity spread encourages us to further pursue the hypothesis that there are more mechanisms than just thermal ions contributing to the width of the ion-acoustic peaks. Whether an implosion velocity spread in the scattering volume is the correct physical interpretation of the peak width or small-scale hydrodynamic motion is involved, or both, is the main focus of future work, together with determining experimental ways to differentiate between the two.
Modifications to the 10-J laser system now allow the beam to be split in two, with one half of the pulse delayed by either 3 ns (for an effective pulse of 6 ns at the plasma) or up to 12 ns (allowing streak data to be taken at two different times during the implosion). Modifications to the optical fibers also allow streaked spectra to be taken from two different angles or from two different locations. Future work includes using this twopulse, two-angle system to diagnose the conditions of the incoming sheath, as well as leveraging the two angles in order to make an electron density measurement using the ionacoustic feature [16] .
